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Abstract
Introduction: The first 1,000 days of life (from conception to 2 years) represent a critical window for biological programming. 
During this period, the interplay between maternal-infant nutrition, gut microbiota, and epigenetic mechanisms exerts a decisive 
influence on future health.

Objective: To critically analyze the available evidence regarding the role of nutrition and microbiota during the first 1,000 days and 
their interaction with epigenetics, as well as the clinical and public health implications.

Methods: A narrative review of the literature published between 2015 and 2025 was conducted in PubMed, Scopus, and Web of 
Science. Included studies comprised clinical trials, cohort studies, and mechanistic research evaluating microbiota composition, 
microbial metabolites, and epigenetic markers in pregnant women, infants, and children under 24 months.

Results: Fifty-eight studies were analyzed. Exclusive breastfeeding promoted colonization by Bifidobacterium longum subsp. infantis, 
leading to increased production of short-chain fatty acids (SCFAs) that modulate DNA methylation and histone acetylation. Vaginal 
delivery and maternal-infant diets rich in fiber, folate, choline, and vitamin B12 were associated with protective epigenomic profiles. 
Conversely, elective cesarean delivery, early antibiotic exposure, and high consumption of ultra-processed foods were linked to 
dysbiosis and adverse epigenetic patterns.

Conclusion: The interaction between nutrition, microbiota, and epigenetics in the first 1,000 days represents a unique opportunity 
for cost-effective public health interventions aimed at optimizing long-term health outcomes.
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Introduction

The  Developmental Origins of Health and Disease (DOHaD) hypothesis  proposes that early-life exposures program disease risk 
through persistent mechanisms, including epigenetic modifications [1]. In parallel, the gut microbiota has been consolidated as a key 
regulator of immunity, metabolism, and neurodevelopment during the first 1,000 days [2-7]. This convergence highlights the relevance 
of maternal-infant nutrition and microbial colonization as determinants of lifelong health.

Conceptual framework (Executive synthesis) (See figure 1)

•	 The first 1,000 days: From conception to 24 months, this is the period of greatest biological plasticity, programming lifelong risks 
and protections (DOHaD) [1].

•	 Gut microbiota: A dynamic ecosystem that, in healthy infants, shifts from low diversity to Bifidobacterium-dominated communities 
during breastfeeding, then toward greater diversity with complementary feeding. It shapes immune education, energy metabolism, 
and barrier maturation [2,3].

•	 Epigenetics:  Includes DNA methylation, histone modifications (acetylation/methylation), and non-coding RNAs (microRNAs, 
lncRNAs). These mechanisms are modulated by maternal-infant diet and microbial metabolites (e.g., SCFAs such as butyrate/
propionate/acetate, tryptophan-derived indoles, bile acids, and one-carbon donors such as folate, choline, and B12) [1].

Figure 1: Epigenetics, microbiota, and future health: the influence of early nutrition.

Source: Authors’ own work.
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The figure shows the Relationship between early nutrition, gut microbiota, and future health. Maternal diet, breastfeeding, mode of 
delivery, antibiotic exposure, and environmental factors shape the microbiota. Microbial metabolites (e.g. short-chain fatty acids, indoles) 
mediate epigenetic programming, influencing long-term health outcomes as either risk or protection.

The first 1,000 days of life, from conception to two years of age, represent a critical window of human development characterized 
by remarkable biological plasticity. During this period, the foundations are established for immune system maturation, somatic growth, 
metabolic programming, and neurocognitive development. Several studies have demonstrated that early stimuli and exposures exert lasting 
effects through programming mechanisms, modulating the risk of chronic diseases throughout the life course, including obesity, type 2 
diabetes, allergies, asthma, cardiovascular disease, and neuropsychiatric disorders [1,2]. This concept is supported by the Developmental 
Origins of Health and Disease (DOHaD) hypothesis [1] which has broadened the vision of prevention to very early stages of life.

In this context, the gut microbiota has emerged as a fundamental player in the first 1,000 days. The process of intestinal colonization 
begins at birth and is influenced by factors such as mode of delivery, antibiotic exposure, and feeding practices [3-7]. During the first 
months of life, breast milk-rich in oligosaccharides, secretory immunoglobulin A, lactoferrin, microRNAs, and immune cells-promotes 
the growth of  Bifidobacterium longum  subsp.  infantis  and other beneficial commensal bacteria [8-11]. These communities produce 
metabolites such as short-chain fatty acids (butyrate, propionate, acetate), tryptophan-derived indoles, and secondary bile acids, which 
exert regulatory effects on inflammation, metabolism, and intestinal barrier integrity [13-19]. The transition to complementary feeding 
diversifies the microbiota and consolidates its metabolic and protective functions [2-20].

Epigenetics, in turn, encompasses the set of mechanisms that regulate gene expression without altering the DNA sequence. These 
include DNA methylation, histone modifications (acetylation, methylation, phosphorylation), and the action of non-coding RNAs 
(microRNAs, lncRNAs). These programs allow environmental signals, including nutrition and microbial metabolites, to modulate gene 
activity in a dynamic and reversible manner [1-21]. Paradigmatic examples include the persistent hypomethylation of the  IGF2  gene 
in individuals exposed to the Dutch famine during gestation [22]. The methylation of RXRA associated with childhood adiposity [23] 
and epigenetic changes linked to maternal intake of folate, choline, and vitamin B12 at conception and during pregnancy [24,25]. The 
microbiota-epigenetic interaction is bidirectional: microbial metabolites can act as histone deacetylase inhibitors or as ligands for nuclear 
receptors [15-19] while epigenetic marks determine the host’s response to bacterial colonization and diet [21].

The integration of the concepts of the first 1,000 days, microbiota, and epigenetics naturally aligns with the One Health framework. 
This paradigm recognizes the interdependence between human health, animal health, and the environment. Early microbial colonization 
is influenced not only by individual clinical factors but also by environmental exposure, food quality, water safety, and interaction with 
animals [2,5,6]. Rational use of antibiotics, in both human and veterinary medicine, is a critical element, as antimicrobial resistance affects 
microbial dynamics and poses shared risks for humans and animals [7,8]. Likewise, maternal and infant diets depend on sustainable food 
systems that integrate agriculture, livestock, and environmental stewardship [20].

Consequently, the study of epigenetic programming and the establishment of the microbiota in the first 1,000 days cannot be limited to 
an individual clinical perspective, but requires an interdisciplinary and global approach that incorporates the dimensions of One Health. 
Only through this comprehensive perspective is it possible to understand the biological, social, and environmental determinants of health 
in early childhood and to design cost-effective strategies to improve the health of future generations [2,14,16].
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Materials and Methods

Search strategy

The literature search was conducted in PubMed/MEDLINE, Scopus, and Web of Science databases between January 2015 and May 2025. 
Combinations of DeCS/MeSH terms were used in both Spanish and English, including: “first 1000 days”, “gut microbiota”, “epigenetics”, 
“breastfeeding”, “cesarean section”, “short-chain fatty acids”, “maternal nutrition”, and “epigenesis, genetic”.

Inclusion criteria

•	 Human studies (pregnant women, infants, and children <24 months).

•	 Clinical trials, cohort studies, case-control studies, systematic reviews, and high-quality narrative reviews.

•	 Mechanistic and translational research on microbial metabolites (short-chain fatty acids, indoles, bile acids) and epigenetic 
mechanisms (DNA methylation, histone modifications, microRNAs).

Exclusion criteria

•	 Animal studies without direct clinical applicability.

•	 Studies lacking epigenetic, metabolic, or immunological outcomes.

•	 Duplicate articles or reports with redundant information.

Study selection and analysis

The initial search identified 612 articles. After removal of duplicates (134), 478 records remained. Of these, 325 were excluded for not 
meeting inclusion criteria after title and abstract screening. A total of 153 full-text articles were assessed, of which 95 were excluded for 
lack of clinical data or relevance. Ultimately, 58 studies were included in the narrative analysis: 22 systematic and narrative reviews, 14 
clinical trials, 13 cohort studies, and 9 translational investigations with clinical applicability (See figure 2).

Figure 2: PRISMA flow diagram.

Source: Authors’ own work.
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Methodological approach

The selected studies were organized into five thematic domains:

1.	 Early microbial colonization and determining factors.

2.	 Breastfeeding, human milk oligosaccharides (HMOs), and Bifidobacterium infantis.

3.	 Influence of delivery mode and antibiotics on the microbiota.

4.	 Role of maternal-infant diet in epigenetic regulation.

5.	 Microbial metabolites and associated epigenetic mechanisms.

The analysis integrated clinical and molecular findings within a translational framework, emphasizing practical implications for 
clinical nutrition and their relationship with the conceptual framework of One Health.

Given the nutritional focus of this review, specific attention was directed to dietary exposures and feeding practices during the first 
1,000 days. Studies were coded for nutritional variables including maternal macronutrient and micronutrient intake (folate, choline, 
vitamin B12, and polyphenols), breastfeeding and human milk composition, formula supplementation (e.g., HMOs, probiotics), and 
complementary feeding quality (fiber, protein, and sugar sources). This approach ensured that nutrition-related mechanisms were 
consistently analyzed in relation to microbiota composition and epigenetic modulation [9-14,20-26,29-31,33-36].

Results

Early microbial colonization

Of the 58 studies included, most agreed that intestinal colonization begins immediately at birth, with distinct profiles depending 
on the mode of delivery. Vaginally delivered infants showed higher abundance of Bacteroides and Lactobacillus [3,4] whereas cesarean 
delivery was associated with opportunistic species such as Clostridium difficile [5,6]. These patterns were linked to differences in immune 
maturation during the first year of life [7,8].

During this first year, the infant microbiome progresses toward greater diversity and stability, with metabolic functions maturing in a 
predictable trajectory [3,4]. Age, geographical location, and lifestyle factors also exert significant influence [4].

Phase Biological 
milestones

Determinant 
exposures

Predominant micro-
biota

Key epigenetic 
signals

Clinical implica-
tions

Key refer-
ences

Gestation Organogenesis; 
immune and 

metabolic matu-
ration

Maternal diet; 
BMI; gestational 
diabetes; tobac-
co; stress; drugs; 

probiotics

Maternal influence
via metabolites and 

transplacental factors

Methyl-donor 
nutrients 

(folate, choline, 
vitamin B12); 
maternal cor-
tisol; placental 

microRNAs

Programming 
of fetal growth, 
insulin sensitiv-

ity, adiposity, and 
atopic risk

1, 20-23, 
26, 29-30, 

35-36

Birth Initial microbial 
colonization

Vaginal vs ce-
sarean delivery; 

intrapartum 
antibiotics

Vaginal: Lactobacillus,
Bacteroides

dominance; Cesarean: 
increased

Staphylococcus,
Enterococcus and 

opportunists

Immune 
“imprinting”; 
altered DNA 

methylation of 
immune genes

↑ Risk of asthma, 
atopy, and obesity 

associated with 
cesarean birth or 
perinatal antibi-

otic exposure

4-7, 24, 
29-30, 37
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0 - 6 
months

Exclusive 
breastfeeding 

phase

Breast milk com-
ponents (HMOs, 
IgA, lactoferrin); 
antibiotic expo-
sure; environ-

ment

Bifidobacterium 
longum subsp. infan-

tis, B. longum,
Lactobacillus
predominate

Butyrate/ac-
etate (↓ HDAC 
activity); milk 
microRNAs; 

methylation of 
metabolic and 
immune genes

↓ GI and respira-
tory infections; 

improved growth, 
neurodevelop-
ment, and im-

mune tolerance

3, 9-14, 
15-17, 24-
25, 29-33

6 - 24 
months

Complemen-
tary feeding and 

microbiome 
diversification

Dietary fiber 
quality; protein 

and sugar intake; 
environmental 

exposures (pets, 
day-care)

Increased diversity;
rise in Firmicutes and
Bacteroidetes; matu-

ration of
SCFA-producing taxa

SCFA and 
indole signal-

ing; bile-
acid crosstalk; 
tissue-specific 

methylation 
changes

Influences BMI 
trajectory, atopic 
risk, and cogni-

tive function

3, 15, 
18-19, 24, 
30-31, 33-

34, 36

Table 1: Chronology of the human microbiome and epigenetic modulation during the first 1000 days.

Source: Authors’ elaboration.

Breastfeeding and HMOs

Exclusive breastfeeding was consistently associated with predominance of Bifidobacterium longum subsp. Infantis [9,12] a key species 
for fermentation of human milk oligosaccharides (HMOs) [8,10]. In clinical trials, this colonization correlated with higher short-chain 
fatty acid (SCFA) production [13-15] and reduction of intestinal inflammation markers [11,12].

Antibiotic use and cesarean delivery

Cesarean section disrupts maternal strain transmission (notably  Bacteroides) and is associated with increased colonization by 
opportunists and resistance genes, with effects lasting for months [5,6]. Antibiotics administered in early life reduced microbial diversity 
and depleted  Bifidobacterium [7,8]. Cohort studies showed these alterations could persist up to two years, increasing the risk of 
overweight and allergic diseases [6,25]. Perinatal diet and antibiotics also shaped microbial succession [7] while a randomized neonatal 
sepsis trial demonstrated that broad-spectrum antibiotics reconfigured both microbiota and resistome [8]. The resistome represents 
the full repertoire of antimicrobial resistance genes in humans, animals, and the environment, serving as a reservoir that can spread 
through horizontal gene transfer. Recent studies (2025) have shown that resistance gene flow occurs across One Health sectors in regions 
like China, and that global soil resistomes are strongly influenced by environmental drivers, underscoring their ubiquity and ecological 
impact. These findings highlight how antibiotic use in healthcare, agriculture, and environmental contexts accelerates the dissemination 
of resistance genes. Understanding and monitoring the resistome is therefore critical for designing strategies to curb antimicrobial 
resistance and protect global health [27,28].

Maternal diet and epigenetics

Maternal nutritional status during conception and pregnancy influences fetal epigenetic programming through DNA methylation of 
genes regulating growth and metabolism. Evidence from famine and dietary restriction studies indicates that overall nutrient and energy 
availability, rather than specific vitamin intake, can modify methylation at critical loci. For example, prenatal exposure to famine during 
early gestation has been associated with hypomethylation of insulin-like growth factor 2 (IGF2), possibly reflecting limited methyl-donor 
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availability [20]. Similarly, variations in maternal carbohydrate composition and energy balance have been linked to hypermethylation 
of retinoid X receptor-α (RXRA)and endothelial nitric-oxide synthase (eNOS) promoters, and hypomethylation of superoxide dismutase 
1 (SOD1), patterns associated with later adiposity and body-fat distribution in offspring [21]. In contrast, maternal diets rich in ultra-
processed foods have been linked to adverse epigenetic modifications and systemic inflammation [13,26].

Beyond one-carbon metabolism, emerging evidence links the overall quality of maternal diet - particularly the ratio of unprocessed 
to ultra-processed foods, fiber intake, and fatty acid composition - to microbial diversity and inflammatory tone. Diets high in fiber 
and polyphenols enhance the production of short-chain fatty acids (SCFAs) such as butyrate and propionate, which function as histone 
deacetylase inhibitors and anti-inflammatory metabolites [15-19,29-31,34,36]. Conversely, energy-dense, ultra-processed diets rich 
in saturated fats and refined sugars are associated with dysbiosis, systemic inflammation, and unfavorable DNA methylation profiles 
affecting genes involved in insulin sensitivity and adiposity regulation [13,20-26,29-31,35,36]. These nutritional dimensions represent 
modifiable determinants of fetal and infant epigenetic programming.

Microbial metabolites and epigenetic mechanisms

SCFAs-acetate, propionate, butyrate-derived from fiber and HMO fermentation act on GPCRs, serve as energy substrates, and inhibit 
histone deacetylases (HDACs), thereby altering immunometabolic gene expression) [15-17]. Indole metabolites of tryptophan activate 
AhR and induce IL-22, a mucosal homeostasis regulator [18] while secondary bile acids modulate FXR/TGR5 pathways that influence host 
metabolism [19].

Metabolite Origin Main target Epigenetic ef-
fect

Functional con-
sequence

Key refer-
ences

Butyrate / Propionate Fermentation
of dietary
fibers by

Bifidobacterium and
Lactobacillus spp.

HDACs (histone deacety-
lases)

HDAC inhibi-
tion → ↑ histone 

acetylation

↑ Regulatory T 
cells (Tregs); 

anti-inflammatory 
activity; improved 
epithelial barrier 

integrity

15-17, 29-31

Indoles (AhR ligands) Microbial
tryptophan
catabolism

Nuclear aryl hydrocarbon 
receptor (AhR)

Activation of 
AhR signaling; 
modulation of 

microRNAs and 
IL-22 transcrip-

tion

Maintenance of 
mucosal homeo-
stasis and epithe-
lial regeneration

18, 30-31, 36

Secondary bile acids Bacterial
conversion of
primary bile

acids

FXR (farnesoid X recep-
tor) / TGR5 (G-protein-

coupled bile acid receptor 
1)

Chromatin and 
co-activator 
modulation

Regulation of 
glucose and lipid 
metabolism; con-
trol of inflamma-

tory tone

19, 30-31

Folate / Choline / 
Vitamin B12

Dietary intake
plus microbial syn-

thesis

DNMTs (DNA methyl-
transferases)

Altered DNA 
methylation 

in growth and 
metabolic genes

Long-term 
programming 
of metabolism, 

growth, and insu-
lin sensitivity

20-23, 26, 29-
31, 35-36
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TMA / TMAO 
(trimethylamine N-
oxide)

Microbial
metabolism of

choline and
carnitine

Hepatic pathways and 
FMO3-dependent signal-

ing

Indirect modula-
tion of DNA and 
histone methyla-
tion (limited evi-
dence in infants)

Potential links to 
cardiometabolic 

risk and oxidative 
stress

29-31, 34, 36

Table 2: Epigenetic mechanisms modulated by the microbiota.

Source: Authors’ elaboration.

Human evidence of epigenetic programming

“Natural experiments” and maternal nutrition studies link gestational exposures with metabolic gene methylation. The Dutch Hunger 
Winter was associated with persistent IGF2 hypomethylation decades later [20,22]. The ALSPAC study (UK) showed RXRA promoter 
methylation in cord blood correlated with childhood adiposity by DXA at 6 and 9 years [21].

In Gambia, epiallele methylation varied by season of conception, reflecting dietary folate and methionine availability [23]. These 
metastable epialleles act as “epigenetic memories” of the periconceptional environment. Longitudinal European and Asian cohorts 
confirmed that early epigenetic changes persisted into adolescence and adulthood, influencing cardiometabolic risk [24,25].

Similar findings were reported in the Philippines and China, where maternal one-carbon nutrient intake associated with adolescent 
obesity and insulin resistance [25]. In India, the Pune Maternal Nutrition Study showed differential methylation of glucose homeostasis 
genes at birth predicted insulin resistance and adiposity during adolescence [25,26].

Clinical and public health implications

1.	 Promote vaginal delivery when safe and limit non-indicated cesareans, given their impact on microbial transfer [5,6].

2.	 Optimize antibiotic indications and duration in pregnant women and neonates [7,8].

3.	 Encourage exclusive breastfeeding for the first 6 months, continuing through the second semester, for well-documented individual 
and population-level benefits [25].

4.	 Ensure adequate maternal intake of folate, choline, B12, methionine, and other one-carbon donors; promote fiber and phytonutrients 
to support favorable microbial metabolites [15,23].

5.	 In selected cases, consider supplementation with specific HMOs and/or rational probiotics (e.g.  B. infantis  in breastfed infants) 
[9,12,14].

Nutritional aspect Effect on gut microbiota Epigenetic mecha-
nisms

Long-term clinical 
consequences Key references

Maternal nutrition 
(preconception and 

gestation)

Shapes maternal microbiota composi-
tion and vertical transmission to the 

fetus and neonate
DNA methylation, 
histone modifica-

tions, and placental 
microRNAs influenced 

by folate, B12, and 
choline status

Offspring risk of obe-
sity, insulin resistance, 
and hypertension de-

termined by intrauter-
ine programming

1, 20-23, 26, 29-
31, 35-36
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Mode of delivery (vagi-
nal vs cesarean)

Vaginal delivery favors Lactobacil-
lus and Bifidobacterium; cesarean 

favors opportunistic and environmen-
tal taxa

Indirect influence 
through differences in 
bacterial metabolites 
and immune imprint-

ing

Increased risk of 
atopy, asthma, and 

obesity after cesarean 
birth

4-7, 24, 29-31, 
37

Breastfeeding Human milk oligosaccharides (HMOs) 
promote Bifidobacterium growth; 
breast milk transfers commensal 

bacteria and immune factors

microRNAs, immuno-
modulatory peptides, 
and butyrate increase 

histone acetylation 
and regulate gene 

expression

Protection against 
infections, obesity, and 
autoimmune diseases

3, 9-14, 15-17, 
24-25, 29-33

Early antibiotic expo-
sure

Dysbiosis; reduction of commensal 
diversity and expansion of resistome

Altered transcrip-
tion of inflammatory 
and metabolic genes; 

changes in histone 
acetylation patterns

Greater risk of allergic 
disease, asthma, and 

excess weight

7-8, 24, 29-31

Complementary 
feeding (timely and 

adequate)

Promotes diversification of the micro-
biota and establishment of SCFA-

producing taxa

SCFAs (acetate, 
propionate, butyrate) 
regulate DNA meth-
ylation and histone 

acetylation of immune 
and metabolic genes

Prevention of obesity 
and metabolic diseas-
es; improved immune 

tolerance

3, 15-19, 24, 29-
31, 33-34, 36

Maternal and child 
diets rich in fiber and 

polyphenols

Stimulate beneficial Firmicutes 
and Bacteroidetes; increase SCFA and 

indole production

SCFAs act as HDAC in-
hibitors; polyphenols 

modulate microR-
NAs and antioxidant 

pathways

Lower risk of metabol-
ic syndrome, cardio-
vascular disease, and 

inflammation

15, 18-19, 29-
31, 34, 36

Micronutrient defi-
ciencies (folate, B12, 
vitamin D, iron, zinc)

Impair microbial metabolism and 
reduce beneficial species

Disruption of DNA 
methylation and 

hormone-related epi-
genetic regulation

Neurodevelopmental 
delay; increased sus-
ceptibility to chronic 

disease

20-23, 26, 29-
31, 35-36

Table 3: Early-life nutrition and its relationship with the gut microbiota and epigenetics.

Source: Authors’ elaboration.

Discussion

The findings of this review confirm that the first 1,000 days of life represent a critical window of biological programming, where 
maternal-infant nutrition, gut microbiota, and epigenetic mechanisms interact in complex ways [1,2] (See table 3). Evidence shows that 
the initial composition of the microbiota is shaped by the mode of delivery and early exposures such as antibiotics [5-8]. These alterations, 
by modifying species succession and microbial metabolite production, generate distinct trajectories of immune and metabolic maturation 
[3,4,7].
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Breastfeeding emerges as a key strategy to promote optimal colonization. Human milk oligosaccharides (HMOs) support the growth 
of Bifidobacterium longum subsp. Infantis [9-11] which enhances the production of short-chain fatty acids (SCFAs: acetate, propionate, 
and butyrate) [13-15]. These metabolites not only nourish the intestinal epithelium but also function as epigenetic modulators through 
inhibition of histone deacetylases (HDACs) [16,17]. Additionally, tryptophan-derived indoles activate the aryl hydrocarbon receptor 
(AhR), promoting secretion of interleukin-22 (IL-22) and reinforcing mucosal homeostasis [18,19].

In parallel, human epigenetic studies demonstrate that maternal nutrition shapes fetal genome programming. Landmark cases such 
as the Dutch Hunger Winter, which resulted in persistent hypomethylation of the IGF2 gene, and seasonal variation in one-carbon donor 
intake in Gambia, which modified metastable epialleles, confirm the sensitivity of the fetal epigenome to nutritional inputs [22,23]. These 
findings underscore the need to ensure adequate maternal intake of folate, choline, and vitamin B12 during pregnancy [20,21,24,25].

The clinical implications are clear: promoting vaginal delivery when safe, restricting antibiotic use to strictly necessary indications, 
encouraging exclusive breastfeeding during the first six months, and optimizing maternal nutrition constitute cost-effective interventions 
to mitigate future health risks [6-9,25] (See table 4).

From a One Health perspective, the health of the early microbiome depends not only on individual factors but also on environmental 
and social determinants. Water quality, food safety, exposure to pollutants, and antibiotic use in veterinary medicine directly impact the 
human microbiome and antimicrobial resistance [2,5,7]. Thus, the integrated approach to early nutrition, microbiota, and epigenetics 
requires intersectoral public policies that bridge clinical medicine with environmental health and sustainable food production [26,27,28].

Finally, although the results demonstrate significant coherence, limitations remain. Most included studies were observational, with 
methodological heterogeneity and variability in epigenetic biomarkers assessed. Moreover, translational research integrating multi-omics 
data and long-term follow-up is still lacking [2,13]. Nevertheless, the convergence of clinical, molecular, and epidemiological evidence 
reinforces the relevance of this field as a priority for public health and clinical nutrition.

From a nutritional perspective, the convergence of diet, microbiota, and epigenetics provides actionable insights for clinical nutrition 
practice. Promoting balanced maternal diets rich in methyl-donor nutrients (folate, choline, B12), dietary fiber, and polyphenols can 
enhance beneficial microbial metabolite production and favorable methylation patterns [13,20-26,29-31,35,36]. During infancy, exclusive 
breastfeeding and timely, diverse complementary feeding support optimal microbial and epigenetic development [3,9-14,15-17,24,25,29-
33]. These findings reinforce the central role of nutrition as both a biological driver and a public health tool for long-term disease 
prevention within the DOHaD framework [1,2,29-31,33-36].

Exposure Effect on microbiota
Epigenetic link/

mechanism
Expected clinical 

impact
Strength of 

evidence Key references

Breastfeeding ↑ Bifidobacterium and HMO 
pathways

SCFAs (↓ HDAC activ-
ity), milk microR-

NAs, choline-depen-
dent methylation

↓ Infections; ↓ atopy; 
↓ obesity; ↑ neurode-

velopment

High 3, 9-17, 24-25, 
29-33

Cesarean section ↓ Bacteroides early; skin-like 
colonization

Reduced “train-
ing” of PAMPs → 

impaired immune 
tolerance

↑ Risk of atopy, 
asthma, obesity (as-

sociative)

Moderate 4-7, 24, 29-31, 
37
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Early antibiotics ↓ Microbial diversity; persistent 
dysbiosis

↓ SCFAs; subclini-
cal inflammation; 

altered histone 
acetylation

↑ Infections, atopy; 
possible ↑ obesity

Moderate 7-8, 24, 27-28, 
29-31

Maternal diet 
rich in ultra-pro-
cessed foods

Maternal dysbiosis; ↑ proinflam-
matory metabolites

DNA methylation 
in metabolic genes 

(LEP, IGF2); reduced 
methyl donors

↑ Risk of childhood 
adiposity and meta-

bolic dysfunction

Moderate 13, 20-26, 29-31, 
35-36

Probiotics/syn-
biotics (pregnan-
cy/lactation)

↑ Bifidobacterium/Lactobacillus; 
improved maternal and infant 

microbiota

↑ SCFA production; ↑ 
Treg cell modulation

↓ Mastitis; possible ↓ 
infant eczema (mod-

est effect)

Moderate 9-12, 14, 15-17, 
29-31, 33

HMOs in formula Approximates bifidogenic profile ↑ SCFAs; improved 
immune signaling

↓ GI infections; 
limited evidence for 
allergy prevention

Moderate 9-14, 29-31, 33

Pet/farm 
exposure

Greater environmental microbial 
diversity

Controlled endo-
toxin exposure 

promotes epigenetic 
tolerance

↓ Atopy risk through 
immune education

Moderate 2, 4, 5, 6, 24, 
29-31

Tobacco/
pollution

Dysbiosis; inflammation; altered 
microbial metabolites

Global DNA methyla-
tion changes; oxida-
tive stress pathways

↑ Low birth weight, 
wheezing, altered 

neurodevelopment

High 20-23, 26, 29-31, 
35-36

Table 4: Maternal-infant exposures with greatest impact.

Source: Authors’ elaboration.

Integration of nutritional and epigenetic evidence

Epigenetic mechanisms represent a crucial interface between maternal nutrition and gene expression during fetal development.

The synthesis of the 58 studies included in this review highlights consistent epigenetic links between maternal nutrition, microbial 
colonization, and early developmental outcomes. One-carbon donors such as  folate, vitamin B₁₂, choline, and betaine, together 
with long-chain polyunsaturated fatty acids, regulate methylation and expression of key genes involved in metabolic homeostasis-
LEP (leptin), ADIPOQ (adiponectin), IGF2, H19, and PPARγ-which influence adipogenesis, insulin sensitivity, and fetal growth [38-43]. 
Meta-analyses and randomized controlled trials indicate that maternal adherence to a  Mediterranean-type dietary pattern  during 
pregnancy promotes protective methylation profiles in these metabolic and energy-regulating genes [40,42].

Postnatal determinants-including  mode of delivery, antibiotic exposure, breastfeeding, and colonization with  Bifidobacterium 
infantis-further modulate DNA-methylation and histone-acetylation patterns related to immune and metabolic maturation [45-52]. 
In parallel,  human milk oligosaccharides (HMOs)  act as epigenetically active prebiotics, influencing the microbiota composition and 
contributing to neurodevelopmental and behavioral outcomes [53-57].

Collectively, these findings provide a mechanistic framework connecting maternal and early-life nutrition with epigenetic regulation 
of growth, metabolism, and neurocognitive development. They reinforce the need for clinical nutrition strategies centered on 
optimizing maternal diet quality, prudent antibiotic use, and exclusive breastfeeding during the first 1,000 days to promote long-term 
health.
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Conclusion

Early-life nutrition represents a critical window for shaping metabolic and neurodevelopmental health through epigenetic and 
microbial mechanisms. Maternal dietary quality-especially adequate intake of one-carbon nutrients (folate, vitamin B₁₂, choline, betaine) 
and polyunsaturated fatty acids-supports protective methylation patterns in key genes regulating growth, adipogenesis, and energy 
metabolism.

After birth, factors such as delivery mode, antibiotic exposure, breastfeeding, and the composition of the infant gut microbiota further 
influence these epigenetic trajectories. Promoting exclusive breastfeeding and prudent use of antibiotics helps preserve beneficial 
microbial colonization and gene-nutrient interactions essential for optimal development.

Integrating nutritional and epigenetic knowledge into perinatal care and clinical nutrition guidelines can strengthen preventive 
strategies aimed at reducing long-term risks of obesity, metabolic disorders, and neurodevelopmental impairment. The first 1,000 days 
thus remain a decisive period for interventions that promote lifelong health.
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